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INTRODUCTION
The role of organic additives in the synthesis of zeolite A has received considerable attention in the past. [1] [2] [3] [4] [5] [6] [7] The most widely used additive is triethanolamine (TEA), which has been used to produce large zeolite A crystals. 5, 6 This is because TEA complexes with Al 3+ ions through its hydroxyl groups, and then it releases them slowly, reducing the rate of nucleation. 2 Other tertiary alkanolamines have shown a similar behaviour. 1 Petranovskii et al. 7 investigated the effect of TEA in addition to triisopropanolamine, diisopropanolamine and diethanolamine (DEA). They found that crystals formed in the presence of secondary amines showed the formation of large {110} faces. This was in contrast to the morphology of those crystals grown with tertiary amines which were bound exclusively by {100} faces.
Petranovskii et al. attributed the change in morphology to the formation of a new aluminium complex in the presence of the secondary amines, as shown by NMR spectroscopy 7 . In spite of these studies, no detailed nanoscopic analysis of the crystal growth of zeolite A in the presence of additives exists in the literature. In a previous paper 8 we demonstrated the usefulness of atomic force and high resolution scanning electron microscopy (AFM and HRSEM) for unravelling the full picture of zeolite A crystal growth, from nucleation to the end of synthesis, in an organic-free system. In this paper we have followed a similar approach to study the synthesis of zeolite A in the presence of two organic additives: triethanolamine and diethanolamine. Additionally, we have performed Monte Carlo simulations to further understand the growth features observed at near-equilibrium conditions on all crystal faces.
EXPERIMENTAL SECTION
2.1 Synthesis. Synthesis of zeolite A in the presence of TEA, DEA and a 50%-50% TEA-DEA mixture was carried out following the procedure developed by Petranovskii, 7 which is, in turn, derived 3 from the original method of Charnell to grow large zeolite A and zeolite X crystals. 5 The molar composition of the solutions used was: 0.86Na 2 O:0.44SiO 2 :0.42Al 2 O 3 :5.71R-OH:111H 2 O. The concentration of DEA/TEA was adjusted to achieve a constant molar ratio of 5.71 R-OH groups per synthesis. A solution of sodium metasilicate was prepared by dissolving the corresponding amount of sodium metasilicate pentahydrate (Fluka, purum >97%) in one half of the total water. To this solution one half of the corresponding DEA (BDH) or TEA (Aldrich) was added. The aluminate solution was prepared by mixing the required amount of sodium aluminate (FSA, anhydrous) to the remaining water. The second half of TEA/DEA was added to this solution. The two solutions were mixed and stirred for a few minutes before being divided into several polypropylene bottles and introduced in ovens at the required temperature. Two different batches of experiments were carried out. In the first batch, experiments were carried out at two different temperatures (75 and 90 °C), three experimental times (10, 14 and 20 days) and for three different contents of DEA/TEA, as shown in Table 1 . The second batch was carried out exclusively in the presence of diethanolamine and is summarized in Table 2 . Once a specified synthesis time was completed the corresponding polypropylene bottle was extracted from the oven and immediately introduced in a bath of cold water. This "quenching" step decreased the solution temperature (and the rates of any growth/dissolution reactions) very rapidly minimising any possible changes in the surface topology.
The synthesis product was then washed in deionized water until the pH was below 9, filtered, and left to dry overnight at 80 °C. This treatment was not expected to produce any modifications on the zeolite A surface topography either as it has been shown that dissolution of this phase only takes place at very high pH (above 13) at a significant rate (to modify the surface features in a few hours). 9 2.2 Scanning Electron Microscopy. SEM images were obtained using a FEI Quanta environmental scanning electron microscope. Samples were prepared by spreading zeolite powder on a carbon tape stuck on a metal stub followed by sputter coating with gold to reduce charging effects under the electron beam. For acquiring high-resolution SEM images, samples were placed on a conductive surface but left uncoated and were taken using a JEOL JSM-7401F (cold-FESEM) using the Everhart-Thornley secondary electron detector. S3 S7 S11 20 90 S4 S8 S12 10 and more unstable. Therefore, in terms of the kinetics of crystal growth the formation of stable closedcage structures will be rate determining. As a consequence the simulation can be coarse grained into the growth of whole closed-cages -even though in reality the fundamental growth mechanism will be by smaller oligomers. By adopting this approach it is not important the nature of the growth units because the kinetics are controlled overwhelmingly by the relative stability of the more stable surface structures.
This, in effect, allows us to concentrate on the crystalline phase rather that the solution phase. In this simplified model there are only four unknown energy values that need to be determined. These are the energy penalties for T-O-T condensation in each of the three cage types U D4R , U β and U α (given as U i in the equations below) plus the driving force energy ∆µ (related to the supersaturation). Supersaturation is notoriously difficult to measure in zeolite syntheses but, for our purposes, we focus on a well-defined driving force, ∆µ, without trying to make the precise link between ∆µ and supersaturation. This is a pragmatic approach but still quite powerful as we are able to determine the consequences of increasing 6 or decreasing driving force which, for the experimentalist, means increasing or decreasing supersaturation respectively. The program is able to determine the value of ∆µ eq at the equilibrium point by decreasing ∆µ for a growth event and increasing ∆µ for a dissolution event. In this manner the dynamic equilibrium is approached. As a consequence it is possible to run the program in conditions of either super-saturation or under-saturation by choosing values of ∆µ above or below ∆µ eq . Also, as the program determines the value of the driving force energy at equilibrium the ∆µ term becomes known when equilibrium is reached reducing the unknown parameters to three if comparisons are made with crystals withdrawn at the end of the synthesis close to equilibrium. To understand the energetic considerations made in this simplified approach a number of hypothetical cases can be considered. The β cage consists of 24 T-sites, two hypothetical extremes can be considered. The first is a β cage that is within the crystal bulk, all 24 T-sites will be present and exhibit Q 4 connectivity. This first extreme case represents the most stable configuration a closed-cage can take, every other configuration can be considered to be energetically destabilised with respect to this configuration. The second case would be the formation of a closed β cage from all 24 T-sites (all are Q 3 connectivity), this would represent the most energetically destabilised case with respect to the crystal bulk. Every growth site at the crystal surface will fall between these two extremes, where the energy required for formation of a given closed-cage is proportional to the number n of Q 3 T-sites in the closed cage. Thus if the energy penalty of transforming a Q 3 to a Q 4 site in the β cage is U β then the energy required to form the closed cage is proportional to n. The same logic can then be applied to the energetics of the remaining two cage types to yield an energetic model in which the energy penalty parameters can be assigned various quantities and their effect upon crystal habit observed. Probabilities for growth relative to dissolution were calculated according to the protocol of Boerrigter et al. 11 using an approach similar to that described by Brent et al. 10 recently for zeolite L. Considering a specific site for growth (T n where T is α, β or D4R and n the number of Q 3 sites 7 in the cage to be grown or dissolved) then the relative probability for growth, , and dissolution, , is:
The terms 0.5 in the above equation arise from a symmetry between growth and dissolution. This may not be strictly correct but we have no experimental evidence to suggest the contrary. Indeed all measurements that we have made on nanoporous systems previously by in situ AFM where it is possible to adust conditions repeatedly above and below saturation suggest that growth and dissolution is, moreor-less, symmetric. Figure 1a show the presence of amorphous gel particles indicating that after 10 days the crystal growth is not completed for those experiments performed with TEA. The same situation is repeated for the DEA-TEA experiments ( Figure S1a ). This situation is more clearly illustrat-8 ed in Figure 2 which shows a graph of the maximum crystal size as a function of synthesis time for all experiments of batch 1.
RESULTS

Effect of temperature and alcohol
It can also be seen that the crystals synthesised in the presence of DEA have reached their maximum size by 10 days, indicating that the reaction proceeds faster in the presence of DEA. Additionally, the crystal size increases with the content of DEA as well as with an increase in temperature. These results confirm some of the findings from Petranovskii. 7 The presence of DEA also had an effect on the type of phases precipitating by completely inhibiting the formation of zeolite X which was always present in those syntheses containing TEA. The formation of LOSOD was observed in all experiments in various proportions (never more than 10%).
Another significant observation for this batch of samples was the presence of a new face. This can be seen clearly in Figure 1f showing a zeolite A crystal grown in the presence of DEA at 90 °C for 10 days. The additional facets along the edges of the crystal are parallel to the {211} planes. This kind of facets have not been reported previously for this system, but are significant as they represent a lessening of the sharpness of the edges of the crystals. This is a preferred property for applications as detergent builders.
In addition to studying the effects on morphology by means of SEM, the surface topography of the various samples was studied by AFM. Figure 3 shows results from these observations for most of the samples of the batch 1 synthesised in the presence of TEA and DEA (images from the experiments performed with DEA-TEA mixtures are shown in Figure S1d -g). Figures 3a and 1Sd show the presence of multiple 2-D nuclei on the {100} surface of zeolite A crystals extracted after 10 days and grown in the presence of pure TEA and the 50-50 mixture (at 75°C). This corroborates the fact that the crystals were still under at least medium-supersaturation conditions, i.e. the crystal growth had not reached equilibrium. In comparison the image taken at 10 days on the pure DEA synthesis ( Figure 3e ) shows a birth-andspread growth mechanism with much lower nucleation density, indicative of close-to-equilibrium condi-9 tions, 8 as expected from trends seen in Figure 2 . Images taken at 20 days in samples synthesised at 75
°C show invariably the operation of a low density birth-and-spread growth mechanism indicating, as expected at this point of the synthesis, close-to-equilibrium conditions. It can also be observed that the corners of the terraces are, in all cases, rounded, to the point of producing almost circular terraces for those of small sizes. Finally, AFM observations on crystals synthesised at 90 °C for 10 days reveal a more contrasting surface topography. For those crystals synthesised in the presence of pure TEA terrace corners become more rounded (Figures 3c and d) , but in the crystals grown with the DEA/TEA mixture and DEA terraces adopt a quasi-diamond shape, with edges running approximately parallel to the <110> directions (Figures 3g and 1Sf ). This topography is also observed on terraces on the {110} face of crystals synthesised with DEA only (Figure 3h ). Figure S2c shows an AFM image of these {211} facets that do not exhibit any clear steps or terraces.
Effect
DISCUSSION
The formation of the {110} face on zeolite A crystals has been observed in syntheses in both the absence and in the presence of organic molecules. 6-8 , 12-14 In syntheses performed in the absence of organic compounds, its appearance has been related to a decrease in the Si/Al ratio, 12 although it has been shown recently that a more complex relationship to the overall gel/solution composition dictates its formation. 13, 14 In synthesis where organic molecules are present additional organic-surface interactions may influence the formation of a particular face, but in the case of TEA, it has been found that the molecule is not included in the pore space of the final zeolite A products, indicating a lack of strong interaction between organic and framework. In the case of DEA there is no data available in the literature regarding its inclusion in the zeolite A pore space 4 , for that reason we performed C-NMR on some of the synthesised crystals. Results from these analyses indicated the absence of DEA molecules within the zeolite A pores.
Therefore, the influence of DEA vs. TEA on the presence of {110} face can be explained according to the differences in the binding of Al by the two molecules and its effect on the Si/Al ratio in the growing solution..
Results from Petranovskii et al. 7 show that, in the presence of TEA, Al binds completely to the organic, resulting in the formation of a chelate. This has the effect of decreasing substantially the amount of Al(OH) 3 available for nucleation and crystal growth of the zeolite. In fact, Al concentration will be completely controlled by the rate of release from the TEA-chelate. On the contrary, DEA was found to bind less well to Al, decreasing the Al(OH) 3 concentration only marginally. 77 In light of these results it can be argued that, in the case of the experiments performed with DEA only, the amount of "free" Al available for crystal growth would be much higher than in the case of those performed with TEA, i.e., TEA experiments will have a higher Si/Al ratio and therefore a more cubic morphology could be expected. The stronger Al-binding strength and slower release rate of the TEA molecules also explain why the synthesis proceeds faster in the presence of DEA.
With the goal of further understanding the role of organic molecules on controlling the LTA morphology we performed tens of thousands of simulations of micron-sized crystals varying the three energy penalties for D4R, BETA and ALPHA cages and from these we noted a number of trends. The first, important trend was that the absolute value of the energy penalty did not have much influence on the crystal habit. The habit was controlled more by the relative ratio of the energy penalties of the different cages. The absolute value has a strong influence on the terrace density at a given driving force. Therefore, in terms of crystal habit alone we are able to formulate a triangular plot of crystal habit versus relative concentration of the three energy penalties for the three cage types and this is shown in Figure 6 .
The phase space is dominated by cubic morphology and indeed that shape prevails at the centre of stability where the energy penalty for the three cage types is identical. Other substantial regions present predominantly either spherical or rhombic dodecahedral morphology, but is important to highlight their relative smaller size in terms of the total area of the triangle, which is in agreement with experimental observations in multiple zeolie A synthesis routes, where the {100} is always present 6, 7, 12, 15, 16 . Furthermore, the shape of the transition zone indicates that small variations in the stability of the ALPHA cage can have a potential large effect in the morphology of the crystals. In the transition zones the crystals show more than one facet, including the {111} face, in some cases. Therefore, the morphology produced by the classic inorganic synthesis route will fall in this area 8 . In addition, crystals from our experiments with DEA lie in the transition zone between cubes and rhombic dodecahedra exhibiting primarily {100} and {110} facets.
It is also reasonable to assume that the energy penalties for the three cage types will not be too far removed from the centre of stability, i.e. we would expect the stability of each type of cage to be similar.
On this basis the simulations performed at positions 1 and 2 on Figure 6 are presented in Figure 7 . The relative energy penalties D4R:BETA:ALPHA for the three cage types in this simulation at points 1 and 2 were 0.36:0.36:0.28 and 0.42:0.42:0.16 respecuively. Absolute values of the energy penalties at point 2 that resulted in correct simulation of the terrace nucleation density were 2.5 kcal/mol, 2.5 kcal/mol and 1.5 kcal/mol. The equilibrium morphologies obtained from the simulation (Figures 7b and 7e) show a considerable agreement with the shapes of the crystals synthesised in this study. This fact leads to a few important additional observations. The first is that, the simulations corroborate the experimental result that shows that small changes in solution chemistry, from 100 % DEA to 50-50 TEA-DEA, can lead to dramatic changes in crystal morphology. On the other hand if we compare the morphologies from crystals grown in 100% DEA to those grown in inorganic solutions, both are contained within the relative "thin" transition zone, which may indicate a "smaller" effect by the DEA on the relative cage stabilisation energies. This could be explained in terms of the smaller Al-binding "potential" of the DEA, when compared to TEA.
The simulations in Figure 7 show the power of this methodology for predicting crystal morphology in non-equilibrium situations, both super-saturated and under-saturated. This is not readily achieved by more conventional determinations of crystal morphology based on attachment energies or surface energy alone that normally determine the thermodynamic equilibrium structure alone. 17, 18 At supersatu- probably the result of consecutive crystal transformations whereby the metastable LTA crystals are starting a process of re-dissolution and transformation into a lower energy phase such as hydroxysodalite. 19 A further consequence of undersaturation is also shown in Figure 9 whereby crystal imperfections act to prevent crystal dissolution. This has the effect of pinning terrace retreat and the creation of protrusions at the crystal surface with edges parallel to [100]. This experiment in fact reveals the present of these point defects which are only exposed upon dissolution and represent a new type of defect in the zeolite A system.
Another consequence of our calculations is that the simulation also determines the nature of the surface structure for a given ratio of cage stabilities and saturation condition, see Figure 10 . Experimentally it is very difficult to determine the surface structure of a zeolite and the only method available is 14 high-resolution transmission electron microscopy. This has only been used in a limited number of instances owing to the extreme difficulty in the experimental protocol and the need for beam stable samples. Even then the technique only reveals a projection of the sample surface and further interpretation is still required.
In terms of closed-cage structures there are a small, finite number of surface terminations at equilibrium conditions, and these are shown in Figure 11 . On the {100} facet there are four possible structures which are terminated by the BETA cage, the ALPHA cage and two by the double-four ring. Within the transition zone, shown by position 2 in Figure 6 , the crystal develops both {100} and {110} facets, each showing a mixture of surface terminations. This is a result of a competition between two surface structures shown by a tick on Figure 11 . For the {100} face the predominant surface structure is the double-four ring on top of the sodalite cage that is three times more abundant than the structure terminated by the BETA cage. It is not surprising that these two structures are in dynamic equilibrium at the surface of the crystal when the supersaturation is very low because the two surface structures present exactly the same surface density of Q 3 groups. On the {110} surface there is a similar result in that there is a competition between two surface structures and the predominant termination is, again, the one displaying the larger amount of double four rings ( Figure 11 ). This surface structure is three times more favourable than the same surface without the vertical double-four ring, which is terminated by a combination of ALPHA-cages and inclined double four rings (so only one of the 8 T sites at the ring is a Q 3 site). As with the {100} surface this competition on the {110} surface is between two structures with exactly the same surface density of Q 3 groups. It remains a challenge for experimental chemists to confirm which of these surface structural arrangements is actually displayed, or if indeed both are displayed. The results are, however consistent with previous in situ dissolution studies using AFM that showed that terraces on the (100) surface dissolved in a two-step process: first the double-four rings and then the BETA cages 9, 20 .
CONCLUSIONS
Synthesis of zeolite A in the presence of TEA and DEA and a 50-50 mixture of TEA-DEA showed the formation of relatively large crystals (15-20 µm) with two distinct morphologies. Those crystals synthesised with pure TEA and the TEA-DEA mixture showed a perfect cubic morphology, whereas those grown in the presence of pure DEA were bound by {100} and large {110} facets. These results can be explained by looking at the Al-binding efficiency of the two different molecules. TEA is more effective in binding to Al, therefore limiting the amount of "free" Al in solution, on the contrary DEA has been found to be less effective. Therefore, those synthesis performed in DEA will have a smaller Si/Al which has been found to lead to the appearance of {110} facets in inorganic syntheses. In addition crystals synthesised at 90 °C in the presence of pure DEA showed the formation of {211} facets, which have not been described in the literature before. These facets are in fact pseudo-facets and the product of net-dissolution of the crystals due to the metastability of the zeolite A crystals at the end of the standard synthesis. Controlled formation of these facets could be potentially very useful for the detergent industry as it decreases the presence of sharp edges and corners in the crystals.
In addition, we performed Monte Carlo simulations to further understand the results. pseudofacets. Finally simulations also provide a clue on the nature of the surface termination of the {100} and {110}, which tends to be dominated, by the least amount of Q 3 groups exposed.
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